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B:J?R :(B.trre·au. -q·f l?up·l·ic ·1{.o·-a..il$) M~thQ:d. 
In _19·54. :the ·tf.; :S ~- Bureau ,o.f···Pt1bli.c·, --~_.qad-s· (n:ow Fed:eral 
:B'ig;hvtay Adnri.rtis:t:r&-t-:L_.on) sug.ges·t:ea· t·he: ·fd;l·towin.g- e:xp·res:·si:011. fojj. 
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pr·e.s~t:res~ .1.o·.s$ ou·e t-o: s·hr'.i·n.~:~ge· of· c:onc:rete. :a.nq. i·s obtain£td by· 
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. ' 
I 
t 
l 
___:J - . l 
.. 
l 
I 
l 
i 
I 
i ~ 
i, 
i· ~ 
.... 
; 
'I'ypical value. qf i,:.5 can pe found in Ref .. S .• FC!i!' shored construe--
; 
tiortt the faci:;o:r;, Ci/le} should. be: d:eleted. .. Term {8) is the rme-
. 0 . •' - ' 
-~ • Q: 
~ ~ .. · 
i,s·.· J;'ftfall and "Q:$·t1ally neg_:l.e·ctea.: _.;. 
fq:_r,. :a :n:o·n,·-c·ompo:s·ite:; :rfle:mp'Er,:r ,. ti. and: ,A:E i11 i.·tq ___ . -:· 2 . 16 are 
· ·· S· .. ... :g 
·e.qtial :f:.Q :.zex~o, ,. Etnd ·t·:erms ,:(6) ., (7}_ and: '.f8) v.tutis:h. '-T,he:re.fore, Eq •. 
· 2 .. 16 :b-ecome·s: 
. · ... - . . .. ' - ... 
.'tl_·F· 
. . -· 
tff = (n_· .. ::.f ·.} +· ·(n:f )· (t_u··· -c··~-$ 0, :C: 
.. "'ti .. 
- z.Fo' + ($suEsl 1c1 + npl\) + o. o?s f si 
(2. !6.~) 
. ' 
~ 2---.o--_;;_ 
. . . . 
3 .. "D::EVELOPMENT ANtl: APPLICATION OF n,s1JR.FACE 11 . :METHOD . . . •, .. -· . . ·-. . . . ".• . - . 
. -··· . ·. . 
... 
3·. :l .Dey·~-lJS.f'{me-rtt of Pre·diat,ion .Procedure .... -·. . . ,'. . . .. ·.: . . -.- j ··. .. ' •.• ·-· ·.. . . . . '. 
" 
.q·rei:e :, 'l:,.e·spe:ctiv:ely.. · J)'.~t-ai~Le.d de.s:c~.riptioh o·f t:he eixp:e.-rime:rfta..l 
program arid t.h.e :dey~lop_rn~nt: ·of ·thes-.e two -surf;ace.s are· '<~dnta·in_~-d • , • I 
• 
·. ~- ·: . 
· .. 
v·:crr.i-ation· i1i~th tirtre qf ::st.resse.s .an.a: .strc1ins: ih :b.Qt'.h :rna:te:r-i:als. fo'r 
la:t·io·nsh1.p$: ,qre,:-t :(1) t:he. ge9me.t.r·i.c comp:at:i_b_il.i._ty ·b~·twefJ_n t:he: 
st·r.·ai::ns ·o_.f t.he .pres·:tressi.ng: ·str.c1n¢t$: ana· tfre c.011ore~t.e· meniJJ:e-rr, 
t_i .. on b·etween ·the 'for·oes iii c;onc-rete· ana: steel.... A sl]JJ1JI1ary ,.of· -the 
nwo surf'.atc:es· :_ana.· thE2· ··fo.-rrn.ula.ti:on -of -:th:e ·a.bov:e t.h:rt:~J2. :r·e1:a:t.:ionship·s 
,f o :p .. t1re· li:nk:ag:e -o:f· the· ".b.vo ·s ut1 f:a:c2·e-s .tv'.i 1.1. ·b·e g,S~.ven: _i::n the ·· ·fina:l 
10 
·re_:p:o:r.t .of ·this· P:ro.J_.ec:t .. 
}\Thi.le the di.r~o.t apr>'licat:i:on o•f the .su:.rf.aces to d:esig_ri 
p1,01J·lert1s: m~Y .n.ot b:e: pr.:act:i.c·al ., :it is .be·l.:Le.ved. t_h·at simplifying· 
.. 
:apprtJx~_mt3/ti-o,n·s. ivi_l,l b:e·: po:s.si-b'.:'l.§, ~ft:e.,r ·num·eric_._al re:st1.lts :h·ave· ;be::en· 
·-.··.·2.- ·1··-:  
. .. 
. 
. 
I 
' .. 
- .... 
:fo.r· -a. pa:r·am.e._:tric stu·d:y. ·"l'·he: .pa..rwne-t-ers .inc ..lud·ed. in-. this: study 
ilJe-:p·~ . the fr·a.ns .. f e.r tirrttT {_fr,om· :f.ni:ti_al · st:r·etching of .ste.-el to re-· 
lec1:se) k.i, the: initial prestress f Bl' thE!. characteristidS of the 
:(to:he.re.t~:e··, tlre. 1::ype c1f p:r:est.re$~ing· st-rands and a ge"<Z1metr.i.c: d:e~s· .. ig1.1 
. - ' :·. 
.A .. 
···a 
C>. 
/A .. ' 
Cl" ·--· _" g .. . J.;J· ........ 
.. A .. 
··p$: 
,. 
-,:: 
:=#· G··r·o:s,s-- ~tr.e.a ,o··f· -the ·b.e anr ,s,ection· -
. '. . . . . . . . . .. ~ •, . 
~\r· = E:oc.:e nf rie2-·ity o:f _:$.tee]~,- ft~-orn ::c.e.tttro_l'.·.o :o_f t:h:e gr-os.s 
0 
•• i,. 
:e·ff·e·c.t· o:rt :p:r~.'§t:r-e .. s·s lo'S'.$.:_e:s,,..: ··l·t w~t~ a-lso :n:o.ti:ce:d t:ha:t· foJ'· a given 
--2 .. 2-
, --· 
• 
. .,...,._ .. ,.,,-,,.,v,,.,.__~,.,. 
., 
.. 
.,>· 
·c.ot1~ret-e t_h:e; f_ina:l .. _:prJlst,r.e.ss: .1:os:s c.-01.ild .b:e .s·_epa.r·a.ted in.to :two 
. •. p.arts·. :one: pa·rt·,: att=r:ibutec( to- $.hri:n.l<..ag-~ .and: :re·lax.at:ion.,, £:s, 
.-att.rib.J .. rte.a: to. c .. re-ep. and elas.tic s:ho_rten_in·g-, i.:s: ·prirna·rily deJ;>"ena:.en·t . 
. -. 
. otr ·the: {:!_or1c_·ret·.e ·s:tre-ss ·irrime.dia:te-·l_y :a.ft:.e,_r ::r·.e .. le<as.-e (~hich 'i_s c·-1.os-.e~·iy 
. 
. 
•. fS:H + REL}, -shttinkag;:e J?J_us .r·e:l-a.-x.at.ion. 1.os·s .. ,, as a function of ini--
t:ta:1 p_res:tr.e:ss and (CR_ +· :Es.:_}-~- ·c_r·E\~-:P :plus elaErt·ic s:h·o:t'te·ning: -lo:s.s , . 
.. . 
·a$: -a. :f:un(~:-ti-oli: o:f= :c:oncr"E~t·e .. $itt:'E:}ss·· ._i.mmecli-ately,- a.·fti~p ~E=le9-s:e;_, 
a·t.ely ,a.ft.Err ·r:.e:t..e:asJ2 "J11.ust b.e. d-Ettermi-nea· fi-rst:._. This ·s:.t·re·ss is .. .. 
•. 
los·:s o.c·cu.r+:i:ng be:for.e .-tr·.ansfI-e·r: ar1cl al-_s11. th~ _l·oss. due ·t·o e=las·t·i·c 
.sho·rt.e:ning: :of· conctre·t·e.. The ··r.elaxai::ior1. 1os .. s: 1Jefor·e tran:s.fe1t a·ah-:eo 
.e .. s:t-J.mate.d b~t the. ·e.:L~st·iq ·th:e'Ol?Y' of·: rnat·,e·ri.als:: ·w,:~_t:h 't'r.,a.risfo·:nn:e,a·, 
s~¢ti'or1.s ,. ,·T.he whole 1?"red:i.ct_i_o1J p_·ro·cedure- p_rop_osed: i·n this prp·-j·e:,crt 
. ·t· •.:r~•a+-.e. ·_.a· .. . 1:-,·.n·. ·p,-··1·•·· tr. . ·1· · _· ,. 
...... - -h. ..... . . .. -; . ·-~- -. --o.::•. . ·• 
.,~. -, : 
.. 
-S:i:,eI). '.l : ... .-n~tEtrnt±n:a,t:i·o:n :o.f ,. ·Rt:L l '· :r:'f{l)3)<-a.tion ·10:s·s occu:r.ri·:ng 
be·f(rre· rele,.a$e ·ft'otn ·I-"'~g-i,. ·2_:,._ b .. a.s_:·ed ·011 giv~n. i.ni .. tia.l 
··-tt3·-
. ···- .. 
;---:--. 
.i 
__J ,..,,_Jj·' .. "., ....... ,,. 
,..; ._, ,t' ,., ·:!. 
t I --
•'j, 
:()rE!strE!ss ., £8 'j and tr'ansfer time, \1. .. ,- _l_ 
:f = f _ .. . - 'RE·L: 
·s -- - · s: 1· :_·_ · - ····· · 1-
.... ,1 ' ,-_ _ ;2-: · :c·· s ~ 2)·: ' .. , .. - .. • .· 
·s:te_'p 2 : :D.:e.tertniri9-t_~:o:n .o::C: ::E·s-, :p.re's:tres·_s· l-b$J3 du.-e·- ;toi e.l·a,s.tic 
. ; 
- . 
::sho.rten:ing \at.· tr·ari:s·fer .bas.e.a. .on- t:he .ge_Qm:e:tt.ical :de,'..;. 
sign. ;CQ;t)S i:clnJ~- ~•· ·- .{d:e:-f.in·ed _in E,q- ~- :3 .• :l): ~--
.. . .. 
E·l~st·ic l:of3:$ ca_n; be ,_Gal·ct1ls1-te.d:,. U$irig t:he, -o=a.s-i:_c 
. . . ' : 
elgst_ic: -an:a.lyEt.is:., dr,· alfern.a.tively:,· 
Il ·-( i . - .· )' '· 
~ + 1i: . ·· · ~ · .r ·. -
. . i.' (.3 .3} 
·•: : 
== The- m-odul·a.r· .rat--1:cJ at· t·-ransfer- tim.e 
• ' • . • . • • • . ' - .• - • • • - _._- ! -. . • . .- • • -·-· -. 
-:fc_·-._-__ 3. ___ . :=.=: 'ES:/n.--~-- :l 
f. ;:: c·_onc;rete. st .. res.s_· --_1_·_--mm_·: __ ·:-_:etl._i_,ate:I:y•···_-' .a_:f'ite-r ___ -.-
.--- c-~: 
(SH + REL + Clt .+ BS) , at end of service lif'e (arbi• 
t:r:ar-ily ·f_ak~n. as .100 Y:ear:s:) ,;. 
rr.otn -'.Fig... .3., q:Eq.te--rmi.IJJ;, CS:H: + ·R-EL) b .. aSl~.d: O.J]. 
. - 9_l ( . , 
--~C-·lf:~ 
.'{: 
. 
·" 
t-he .i·n.it.ia·r. :st:r,ctSs·, :f .. _ , .~n~: 'th:e: o:o:no/r'e.te 
.s, · . 
.. -
. Part· '2_:: F.rort:r Ftg. 4-, :de.t:~rrnine· (CR :·+: ES·} bas.-a·d ,on 
th~: c.oncre·t_e:-, ,s.·tres:·s imtnediatel·y. tt'f.t~.r· re~ . 
.. 
Step 1¥: The e.if:fept: o.-r .e·x.t.ern:al lo·ads is :e:v·:a:lu:~te·d on an· 
.EtS f·o:.ll·qtv$ :: 
' 
A·t, tra.ns.::fer: time.: 
·- '._•. . . ' . . . '. . . - ' .- - . . . . . . -
:f.st:i 
n. a £· 
-· 1 · ·· ... ··. ct .. 
- . ·e + n . ·. __ : . 1 .:·('3 .. ·t+) 
.. J:. 
.At. et1d 10.f :s.erv-ice: :.life:· 
t\lhe·r-e. n. :c:::: .. Modu.la-r ·r·:ati·cJ .a·t tr_::.an_. __ ,- s_.f:e.·_r_:-·· 
.... ·1 . 
"'tni ·.:±:: ·:M.o.du.lct:r ,.r·atto· ·a:t .e.nd ·o·f ·s,e-r1riqe ,li:fe· .e-::>t~ 
P··. r;e-s·s_:.·:e:d_.:_ in t:e-rm·s· .of: n .... :tvhere.• ·y•·.· aceoun,t· 
., . ,• . . . . . 1' ""' . . . " . ,·,• 
.'• 
q<re:te .. and: ·2 .·9 fcf·r ·p1~-n·t CD (Ion.c:re.te 
,;,· 
...... 2.s.~ 
I 
·, 
,..._ 
\ 
.s:· .. t·· · .· 5· ~-
.... ep .... 
' ' 
!J \J 
., -.~ . fct === ·N.om·i.n:al bo,no:t?e't:e s:tr.es.s ~t.· cent:1)0:id b'f 
st:eel d·ue 1::0 ·app-li.e-d .lo·a:ds ·' ba~red ·o.n. 
6 ·=· £ . - f .. 
·sl . ···st·i 
.log ft._ +. 1): 
PLt = PL. [ loi (3~'.Sci1} J 
·wh.:e re. t . .:;::· ·time aftett'- t·:rtan-sf..er o.f · P.·_· r:e.stre·s:s· :,-· :in d ____ :a,.,,_s.-.. . ·-- . . . ·.c:· ..... .. . . J 
. 
. 
·.p:rojec,t, ... r~-pr~sentin·g· :an. upper g.nd ·.a. :1ower.· bo-und of p:re.stre .. ss .. . .,: . 
-_. •'. 
t .• a··.· R··f· s·· . a1ne -· 1..r1 .·. e . • --._, ·: 
... - .... -..... _ -... ·- . . . . . 
- . · ..... 
t· 
'i. 
ti:.c;ll., ·te·n-~:tioning: ,st.r'etss··, .f· . .:'Hovt~v·.er.·_.,.. as.· t.ne TTfni tial Condition" 
.S.1 
:..i;n_: ·pre'.st.ressed. :c·oncr·ete de-si_gn re-~er~ t.o- the condition imrned-:i.ately· .. 
No ·at~t~mp-t-s h-a,ve :b:e.en. ·rn_a·d_e· to ~nc: .. lude,. ,,ih t.hi)3· r·epo.rt·.,_. 
the· d.e.ve lopm:ent·:s o.f :th~- _·p:·recli .. c-ti·on -ol1arts: :.and the e.c1:uaJ:$.o.11s :µ$ed. 
ma·teri·&)- ¢-.q'~stani:s (e:.~·:.g. n1_ .and y·) .• The-s·e ,: ·tog~-r:he:r -t~i.t.Q.. a d·i.s~-
ct.1:ss.i.o,n of t11e c-ba.r.a.o·te:-ri·s·:ti:cs o-f ··the .p.r.e:q::_io·t.·i-o:p ·rn .. e.t.h.()d.:, :a;:r.e.: ·.g-:ive:rt 
,:in :Re.f •. _ 10 . 
. . 
. 
:$.e .. e· :P.r:o·p:l·ern. fl): ·in. Appe-nd·ix· A. 
.· . . -~- a-g·r.o:s·s- :-a?r1ea:,. A. ·-;:· :5.88: ·1.n 
... g: , .... : .. : .. •: . 
4 
nicirrtenf o-f · :i:JJe.rtia: ,· :r. 
. . 
. . . . . . -g-- = 107,986 in 
7. 31 i'l1 
:2 q_-oiµpo··s:f.te.- ·sect·i·t>n·-:- _gro .. ss: :a;r.e:,1.:._~- Ac --~ :~L008 ·in. 
,4: 
= :2:JJ 4 ;1~rµ3 ·in· 
. -!f: 
.ec·ce:nt1:1-:ici_·-._t_-.·_y-._ of :s-·t.ee.·1··. .:e =• 181 ~ 75." .in . ·- ....... -., ·c ... . 
·1 
~' : .. 
··)' 
. l.':· ··.g··:i.:r_d'e,r: ·wef·g· }1t., .. ·M =: :5880 .k-:i-n-. . . .... .. .. . ··.· G.· . ·.. . -
.· .... )' . 
. 1/1_. .. s.--lab.- weigh.t··,·,. -~f .. ::::, ·450·0 -k=,~i-n . .. . . . . . . ,,.. ·_s· . . ·:. . .. . . 
. -... 
i.:r1itial :_n_··.:rest:r. __ ··_._.e _ :_ .. s,·_·_·_:·s_.·_,·.·. f .. · :::. :18.6: ·ksi ::::. 0 .. 6:9:· :f · .. · · · · ·· t' 
·· ·s ~ . ·· ·· ··· ,.. ·· · · p=u. 
ui~-S.ma·te. tensi.le: s·treqgt:b :o_f: st;ee.l., 
f ··-·· ·2· ·-7::0 ·ks i 
= -:-n_ ... ··• -:-0.· . : •.. ·.. · ... · .. ,. 
·J:ill 
tr:a.ns· .. fe.-·r .. , t.1Jne·: ·k == :1.8 h_o_· u. r.-.s .. =·: o_··_, .• 7=5 .. d.-a_·_._·_.y·_.-s,. ··.' "· .. . . . . t 
' 
-·-
.A. -r._: 
.t1_g· i_.s;.• .......... . 
-A.p .. __,s··_. 
·: .:: :_ .. 
. . .. a (I .·. +· A ... e: . J. g :g. g. ~ 
( 5 8 8) . ( 10 7 , 9 8 6) ... _ .... 
·a·· fi .. 0 .8 ( 1 O 7 , 9 8 6 + 5 8 8 x '7 .• 3 L . ) 
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. s·:tep. i _: :.F:rom: Fi~\. ·2 ,:. ·f·o:r -~- 1 == :o ~ 7:5 day ~n0:: :_f.8 .i = O·· .. ·5:·.'g_.·. ·f· ....•:.•:-. : . 
. ,PU 
nE•_:_--_-•L· .·.·._.1_ =· 0 ... tJt.g. f ~ 5 ;._.1··· ··k,_ :_s-i .. a .... ·:pu 
-,f_ ::, f - R£:L .. == ·1:ffo.: •. 9 k.s:=i . s:a, ... ·,s:1 .. ... · i. 
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. ·,~ .. -.: ...... 
=· .13 ..• .:.6·: ksi 
·~. . . . - ... . . .... 
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. ,g.:3 - f·· ~· 
·,sa 
-~ 'E·,'s· 
. ' .. 
-;: 1:3 .-.. 6/{j -=: : 2- .• :2 7: kS:i 
:,,. :·· 
'<;.1: ... 
,· 
•' 
10.-aos· i.s caic·_ul~t·ed w.it·b "t·he :gi:t~de.r: ~.P:ci_. s·lah- wei.grrt: 
. .;. 
de.ad .lo.ad. -e::arr·i.Egcl ·b.y the -c.-ompos.-ite- ::septi_on . 
. l 
+ (1440) (18. 7.5J 
294-,44-3 ·.-. ·, 
_ .. , _ .cos.·a·:o:_ +·- 40-clcJ) ___ (1'_. 31). f ' - ' '. . . ,. · .. · ' .... ' 
· :ct .10.:.7 . g s·5. · · · ··· · 
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·- f3 ·+ r1. -~:·- · 1 
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... (Yn.) S f- 9·· 
. f - . l ~ 
.. · .. . s,l., - S + yn . -- 1 ,a-, .. , .. 
l 
_ ,(3.3 X 6) (74-.9) (.794-) _ 
- 74 .. 9 + 3. 3 X 6 - l ,. -
. A -~ _f:_. ··p ... ~ f __ p; __ -_· .. -
·Sv · ~1.. 
.=. 8 .. 1- :ks:i ; . ·- - .. ' .. 
12 -6 ksi . .. . . . .. ,. · .. 
PL, ~- :(8.-H· ·+· R.£'.:t): + (C.R + ES)' -~, REL 1 - ES - lJ. •. I' 
-= · :S'2 .. 1 .+: :2:B .. 9 --, 5:. l 
.. - ·. .:. . . . . ~ . ,_ ~ - . 
. . ._ '. - .. 
·13-- 5-: 
-~ '., '·:~-.:·: -·~ 8.1 
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·_p·-- -L··_°'_-.:_·_: ·[ log {365 + 1)- .. : -~ . <·· .·.. ·:·]_9.g·: ... -.3.66-'_ ... 1 log (365()0 + 1}] - . ( 54-. 2) <1og 365Ql) 
= '30·.:.4 :ks:.i -.(._l-8~;2% .c>"-f ·r · ... ):_, 
. . .... ·· . · S3 
· -3·-o·-.: __ 
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.:LJ'.. COMPARISON OJ~~- ·:PR.El).:I:C:TED P-RESTRESS LO-:S:SES 
:4- ._·1 _ .p:e;~:~gn. Examples 
For the pu.r.p_ose .o·f· ·d;omp·a.rtf-n:g thei S,urf:aae M:etho·.cl w·ith:: 
-the· Surface :Metbod, bas be.en applie_d to :th·ei ae·si:gri exwnp.les i~ 
. .· 
estim-a.t.;i.ng pr·e.st:re.-ss· laErs.e.s.. -AlL thr.ee eJ(arnples invoJ~ye P:ennDOT · · ··, 
s·t:andai:'tl r·: __ p:r,e,c_gst: pr.e·tensi:bip.ed. beclIIlS tvith c.as·t-in-p:Ic1ce :d.eck 
slabs (fig$ .. ·5_, _6:, . 7): • lJns'hored. co·nst.ruct-ion wa-s assume:ef: .... hence .. . . . . .. ·.·. . . . ·. •. . .. ·. .. . . .. '· 
.. 
·the weight- of tb.e ·sl~o was ca-:rri.ed· by the p:r~Qa$t beam alone. 
J?oJ? addi:tional dead and .1iv~ load.s, :full ·comp·osite_ action· betwee-n 
i?.1?~c.a.st _ar1d· c_·ast-in-place c..onq:re:tes w·as asslJJTie:ct. _Deta.il_ea· :d·e·s-
c},:r~i_p-t.i·o:n.s.- of the design ~.xa.mple'··s ·are .g'iv~r1 i-n .Appendix A- The 
prest.res-s ·10.ss.es: estin1at·ed ... by the vaJ?ious i:n~,thods arl~- s,t..UTUn~:t:.!-izeci. 
·--in 'Tab.les l_,. 2- .and.- 3 for th·e t:hree: e·xamp·te ··:pro:b·lern:s~·-
' ... ·,, 
:4-. 2· .Chat',ac-teristics of the Su.r\face Method 
·· Before gQing into the actual compa_r_i.sons of' the. S.urfac.e· 
. ·1 ... :For the: ·Su.rf'i:tde :Me·thod: . :ttgo: :s:e_:ts ··o·f ::r.esult.s ·are -·c.alc.u-. . . . . . . . . . . .. . . . . :;, .. . . . . 
(pl.ant AB and fllant C:D) µ_se 1d. i·n ··the d·.evelopm:ent :of ·the 
-:3.l-
• •i .. : 
. ' 
'· 
·,. _: ... :.. 
:';j\. 
"" 
,· 
(? . ,( 
=~ ,. -Iit sJ~:ct·ion ·3 .1,, :it :was tld"tted that tl1e .n·~t pre.-s:tri~s-~i las$ 
:b:y: ·the: Sur·fac.e. Me:i;hoq s.l1.ou]_cl b.e: c·alculated w.it·h respect · 
:,· t::o :the :s.:tee.l :s·tre-'$·$: irrune:d1.:a.1:_e::(y after trans,fer. · However, 
::f\rr. c·omp·ar:is .. on purpd.se-s: ,. t.o·t:a:I_. pre stress lcis.sre:s with re-
·sp·:e·<lt t:_o the i.nit:i.a·l. t:e::ns-i·oni;ng stress are li:sted in· 
·:eahle.s l thro·u;.gh .g· • 
3.. In ···fhe s·:t.11:1:t·a_qe- JXTe.thod . .-,: the q"C>mponent-'s o·f pre:s::i:re·.s.s loss· 
.• 
.o.f'· :i1;1ter~st ·are· (SJ!. :+=. RE·-L) , (CR + ES) and th·e:: total pre-
str.e·s.·s loss.. The.r·e·f:ore :, only -these quan_t:itie:s w-ill be 
Tb~ :C:.ornponet1t (S.H. + RE:L) :,_ 
~ 
.. 
·wh.lc.JJ a:e.pen·d'-s· :e·ntir.el:Y 0;11 the :iJ1-:L_:t:i·a-.l :ste.e:l :pr=estr,es:s=~: 
:fs ·not: nte:rely the . sum 9:f tbi2 l'O·ss C:ornponents ·qµe t:o 
s.-h:rinkage of c,d11p.-J?~:te· and: re.lax:ation o:f :Steet-.. ..J·:t· _:al$o' 
c:_o·nt:aitts: tht~ r-ecluci,pg 'i.nf-Iue·nce-· of shririkage (d:.~c_r<=a-si=ng 
. 
V ~ 
• • 
·t:.ens.fle: strain) an ::rr~1:'axat.·i.on. .S-imi:·1-~rly, the -seoond 
·c·oroponent _(CR +- F;S)_:, which depend=-s: Jirimarily on t]Je·: :c~o-n-
.. 
:c::rete st-ress i.mrne:diate,.ly: :a:ft~-r transfer, repres.ents n.o.t 
·me·te).;,y 1:b~ ·s:wn- :of ·th.e el~stic and c .. r~€=p· lo:sses, ·but. ·a:lso 
i_:nc:)~ude·s, tl1_e: e:f.fec:t: of shrinkage arrd-. _.:re:la.:x::-a-t.ion on tht:i$e-: 
d-is.cu·s.:s·:i.on:- of· th.e inte··r·ac-tions: be·twee:n ·the- cLiffe-rent· .. . :· ' . . .. · .. . . . ' . -. . . ·- . . . - -
... •;. . ' - .,, - .... -. ' . . . . '... .--. 
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·oorri:p·one-n:t.s ,of ,p.re·s:tr:e$s· 'i.¢.sp will be g-i·ve:n. in R~_f'·/0 .. :IQ.~, 
f\s mentioned in tsection: 3 •. 1, in tlte: Su~:.f:·ac'.e _:Met-ho.d- the 
·'effect of external lo:ads is consi·d~-:re·.d: s_ep'arate.ly ·b·y 
.calculat.ing ·a ·quantity 6. (see Eq. 3-•. 6) .. ~-- Ther.efore, un-
·1ik:e. 0th.er methods, the concrete_ stress deperident loss 
f . 
·c·o:rnp:onent (CR + ES) does not include t.he: effect of ex-
t.ern.-a:1 loads . However, for compari-Ei_o·n purposes , the 
.(CR + ES) 1.o..sse.s, estimated 1,y the Surface Method and 
-lis.:t:ed: in. T:ab·.1e,s 1 thl'.'ou_gh ,g (e·xcep.t· T·ab le 4) , have been 
:aaj:uste,d t.cJ include the e·!f1~.c-:t o.f external loads by 
--ded:ucting 1:he quantity .. A. 
4. ·r··n section 3 .1, it was noted that the Surface Method is 
only a .. simplifying approximation. The more exact so·lu·-
tion will be a direct application of the two stress-
:s.train-time surfaces (for steel and concrete) and their 
intersection., A computer prograin, PRELOC, has :peen 
:d·eve)Lop-e=d ·t:o perf arm this ':exact solution and app:Ii·e:d to 
'the. 'th-r·ee' ·example problems.. The total prestres~ J_.-c,-$ses 
wi·th res:p.ect to the initial steel prestress, obtained by· 
. I 
:the :Surf-ace Method and, PRELOC, a.re .. shown in Tabl~- 4- ~ It 
c-:a.n be. -s,~_en 1:hat the, S:urfac:e· Method is a very :g_ood ap-
-~-3- -... 3 . . 
l 
I 
I 
.•. ·~. . 
.,- .··-~ 
J1~tho,d ar.f;1 :b:.as·e:d ·.dn a .ffe:pvi·ce :)_5.,.£~ o.f. :tOJJ: .Ye:~tr.:s • 
. a sh:bt1te:r~ length, i.n· the· or-d·er.· of 20 t.o so· years•. 
' . '.· 
" 
The S ·.! . 
I·n. · ·.ot:h:e.v :t\ft)rcls:, pr,ob-lem· .1 .has t,he: 
'•, ~ .. 
4 .• :3 Comparisop. wi,th BPR tv1ethod (1954, and Revise_q)·. 
. ... 
Pres tress losses predicted by the BPR :rrre:·t·ho:ds.c @·cl: t.l~~· .. 
' ' i 
. I.n s:·pite. o.f th-is·:; · the-' '(SH: + ·R·E·L.) · losse!3 .PJ'e.·d:icte·d 
.. lry tJ1e :Surf·ace, ·~tethod -a:re· $·ti.ll co.rts.:i:derably ,]1/ig.he.r -,tha.11 t:he.se· 
p·redi.ct.ed b:y :the :'II'.E!R.:_ .. rnetho.a.s • ·This: large di.ffer:ence: is: .d,ue. ·t.o 
' 
' 
,, 
.. ~ 
the. faot· that :,the. !1cts:i(~ ~.nri-nl<.a:ge s:.i:rain ajid, r.l~· .. lEL:xation l:os·-s usre.d .. 
... 4. i e 
.i-n. cle·v.elg·p.:Lng: ·t·he: :sµ-:rf·Etcf= J:1et·botl •·· ,.·.. · a.r:e.:. mµc.h: ·h~.ghe.r t·han. ·those·: 
~- . ,. 
·-34,-
' ..... ,-" 
r' 
,:,~· ... ,:,f 
/ 
.. use:d' :,in _ developip.g -the BP·R roeth.o-.tls. · B.e:s·i:d.es-, -t·h·e, .-r~·d_µ-.q:fn:g influ-.: 
. . 
:b:t1t w-as· ·inc·1u·ded. in (CR- + E-S} .• 
· :The. (CR +- ES) :lo-ss ·pr.edicte .. d ]::ty.. /the Bl?R :rn.et:h,o-cf~- .·is: · 
It is the .- _ _;..;, . 
. .... ·• . ' 
:sum of: t·he ·prest.r.e:SS los:s_es due t.d ,cre~p and elast.ic sltortening 
of· c,or1c.pet_e ivit.ho_ut any :c)ons:iderati:c1n ·b-eirig pai·d· -,to the inter.~ 
ca1cu:lat-ion ·o:f c:orrcrete, s_:tress f cs., on·~·y. initial pre.s,t·pess is 
eons._id_ered. C,:o_nsequentl·y., the (CR + ES.) loss.es· in ·all. three de-
$-·1,_g:n e~·amples :precli-.cteq ·by ·t_he: J~]?R rne,thods ar:e: much higher than 
tho-Se p.r'~ed·ict·ed .b·y the· 'Sµr~face· rvJ,gtno·d:. ~ .: . --~,, ... 
than: the -i.rti t·ial st:e.~l p,re:str.e:s·s. dependent los·s (S:H + -RE. .. L) , the· 
-:rev.e·.rse ·is. t .. :rµe f,or t·h.e. SUr\f.at~_e: Me·t·h't>.ci •:. r·ab_.1e·s l, 2 and 3 Efhow: 
· .. 
that all-_-.:other ·m~:t1Jod$··, e-x:C,~ept the Branson Metpq·d (.s:·e.~ _s·e._c·tiort 
1~: •. 7) y .also J1redict hJ.-gbe:r ·(CR + ES) thqli. (S1{ + RE"L) 10.SS:,'eS. 
:'The total:-pr.estre;s-s losses- ·predicted. by both .BPR 
" .. 
:.method~t Etll f._at·1 be.twee11 t:,h:e· _upper( ~-d.- :low.~:r boun:d. p_r.edi.ct:iot1-s 
. "b.y th~, $u_r.fac~ ~1et·ht1d::? 't~Xc.e,pt the- ,on·~- :fo::r? p;rob-lem· .1 "Pi'ediC-t'ed.:· :PY 
. 
t-he :19.5·4 B-PR }'let·hod· which is;- l·ower than the lotver bound. .It is .. · . .. . .. .. ' '. . .. ' .. '· 
., . . . 
. ' ... 
···3·5·· 
-~· .. :· ... ~
-i 
4-_.--4- Cc>"mparison ~~ith AASHO M~thod (Current and. :Gamb:le:ts Proposals) 
The ·vre,:st.re:_ss losses· predicted b.y the cµ-~rent AASHO 
' ' 
-
-Bot'h the current . .AASJ-IO t~'l_e_tho·d and: _G·amble rs Prop·os-a-ls 
ti·on- o:f steel (s.e:e,_ Eq;.s:. -2:.:5. and .2- •. s·a). 
·cJ;PE:! -<:!cOnEtid:e-:t~'ed'. ·for.· the- {:CR· + :·tS): -l.o.s's -~ 
Ho.weve:r : 11.0, ·inte._racti.ons . ·-. . ,. 
. ... 
"':the.: t:q_ta·1_ pre·strf~:ss· lo.:-sst~.:s pr.ed·-ict~d. try Giarr{ble: 1 s·: ·P,t'o-..: 
__ p._oJ3als ·ag:r.ee.: -CIPi/tE2. ·tve--ll 'w·i.th: the ·1.owe,_t· :bound· p:t.'<2·d:1~ct:io:ns b·y, the 
:Su:rface ·M:e·tb9c:l,_. 0-n :t.he.· oth'e_r ·h·and ,. ·t·h·e.. curr·en..t .AA$J{Q J1gth.od: 
. yie-·lcls tq:tEtl. pr:e~itres:s losJ3"es: close -·to th:.e µppe.r b.o:und: ·p_:r,edic:·~ 
tion·s., ~Y<c-eJ1:t '~in _p-rob.lern .. 2:, \vhich :has- ar1 unusual-l_y .high a-on"C!r:ete., 
'Uiti·ike: other- _·p·rttdict·iorl rr1~-tl1ocl$. ~1hich ·e'~l"tirttat:e the· tr17E.t-
·s:1:re-s:s.- Lq·ss.·$.·s :a.t th.e mids1ia.n s.ec.t.iori :of .a :·member-, t'h·e -MSHO rne.t·h-
,J:D:e.IDP~·r·-~ :Thiis. exp.laixis: .w.h·y· p.-voh_-lern 3, -which_ ·h:as a ·higher.· co:nor':t~':t:.~.: 
. .. . -.. 
• 
.Ofi 
irr.-e.$t;.r~SJ3: :th.an. pro·blem: 1·, -·yi.e-l'd:s lotve.r "t;~·ta.l ~fpes>tr.e:s's: .lq·s~-~- .. _ .: .. 
:Pro_b .. lem _3: has d.rape·d J;rte~rtres:~·2i:ng te·ndon:s , hence -~:1 t:hougb tb.e.-
.... -~-
~. 
J 
.... '-.. :·. ·~::.-· 
)" ,., .. ~·· 
. I 
.... 
the· :c:µrr.e~tt .A_ASJ-fo, ~lethqd dµe to, th_e fo:llowing three.: c·hcll1.ges.; 
~-
. ... [ 
.(_I) ·_it· ·irtc·re,ases,, '·tlre 1~f-:f~ct o:f ,:i.nte.ract.ion.s of s·hr-itik·age q1J:d. 
. 
. 
. ,creeJ? · of· conqr¢~te .o-r-1 ·r~la)(at:ion .of :st·eeil · (s.e,:e. · Eq:s:.. ~ ._:5. and ·2 .·s.a} -~ 
:{2) ·fc·r- ·i$ redefin~d to be. the concr·ete stre.ss .imrne-d:1at.e_·iy afte'r:.,_ 
n.o.t· :b.e.fop-e-:, hr-an$fer:,, and (3) the C:r.eep loss :CR is ·redu·c·e.d (s·ee 
:Eqs. :. 2 .. 4· a:nc:l :2. 4a) :··-
4 ~-$ Comparison ·with PCI - General Method 
.. 
The prestress losses predicted by ~the P:cr·: ..... ·G-erte.ral 
.M:ethod and the Sur.face Me.thod are. shown in Table 7·. I·t- s·hot'v's. •,. I, • ' . ,". : . ,I . . • .. - . . . . . . • ,, . . .- . .•. ' . •. 
. 
that ~h~ 1rcr --· -G·e.ner·,fI ~letJtod., like the. :p:r~.v±ous· ·two: metp.ods., 
:aJJ?-0 p;rediJ"ltS lo,wer . :(SH: + 'REL) losS.'f{S. ·an·d higbe,r {CR. ·+ 'ES) ·.l6$'S~$· 
... 
. . . 
... 
t_h.an the 811:rface Met.ho1d- ". 
This .is due· ·to,.· the 
. . . . 
•, ~· 
' f:ac·t ·tJ1at :t.he PCI ~- -G.e-n~ral M;ethod-.s consicle:.rs fully the re.dt1ciiri_g 
.•;;. 
st.res:s losses. 
.,..,. -.· .. 
. . .. ('. ' 
The to-tai . p_re$:tres:s 1·0$:S_EtS predi·et.e ..c[. :by t.h·~ PCI -~ 
''.· 
.: 
:_G.'eneral. :rvfefho.d: for t·h·e._ thrt2e:, d-€:.s.~·gn e)<arrtvl·es :El::re about· the :S·ctme 
·as,. th·e lotJe.r lJ.ound p·r:edi_c:·t··ion·s by the. S:µ~f_aq~: M.et.h·o:d,.. ·T:his ·me:ans:: 
that fo.r· a .. qo.ncrete with .average los$ ebaracterist.ics the ta-t:·al 
' :prestpe.ss losses pr.edi·cted. ·by the _PCJ -- :G-en~:ral t-fe:thod i10.1.1l.d 'be: 
·t.o·o: Low-. 
,· 
". ,. . .,.,.,..,,.. •...... 
. }."'.'" ·--: 
4.6 Comparison with CEB Method 
. ... : 
., 
' 
In Table 8 are shown· th_~ 11re.stress los:.s·e:s: estirnat~ed· :b:y 
the :c.EB :and S.urfa.c!.e Methods . It is· interesting · to. not_.e, :tlJat ;E-or 
p.r.o'.biem :2-, .wl?.:=!-·:Ch ha:.s· h:t_gh~r· ooncrete· prestress than the othe.r two· 
·, 
1:rre·strEfss lo.s-~ :a~ -the: _low .. e·r bound: preq.i(ttiqn b_y·-.· the Surface 
Method,_: while. f·o;r· :th.e other· two ~rob·~em~ t.he: CEB· Meth·od. _predic·ts 
C(?nsi-der·aply ::l:qwer pres tress los:"ses- t-ha.n ·th~ -s·ur:1:·:ace Me·thod. r:.:t 
' 
' 
,tends· ·to p:p~·di·ot 1:o:i\Te,r. p:re:stre:s-s l~lsse._s- ·t11.an .the s·ur-fac.e. ··Method .• 
·The tot.al prest·r.ess :l .. os-s fo.r p_:r·ob·:1ero. 1 ·p-red·i·c:ted 'by the 
c:tB: :M:e·tbod- is ,_e:sp_:_eci§I.lly low (.$ee Tab.le . I}.. Tnis .is tna::j.nly due 
to the rathe ..r hi:g_h concrete -mot:1:µlµs ·y-ie:l.ded .by :using :·Eq. 2 .10. 
·-th:l$ r:~:s)ilts in .a .considerably Lower el:as:tic loss.. ·f-o:t'· the otb.er· ·· 
.• 
·two :p::t'oblerns ,. t-he ACI formula: .fo'l:' c:al.eul.ating .. c:OJJ:(!--:r.-e:.te· mo,dtJ..lllS :is 
ll.S:e·d:. 
:4. 7 Comparison with Branson' s Method 
I 
The prestress loss·es for the tttt.1ee .Q·~:sign: e_:x.eunp:le.s. pre~ 
di·c-te.d by the Braiisoh's and Surface ·Meth·ods are: lis:ted i_h T·able: g: __ 
·, I 
, 
Th_rl .(SH + ·REL) :lossE:_s .f~or th:e: Brans.on-ts Metho·cl: .a:r'e: ,obtained· J5y: 
aa·a·:irtg t~_l:'ms- (4)· :and (5) t)f: . J~q . 2 .. .;:lfi -a.nd t;he. (CR +- ·E·sJ: I·osses J:,y· 
adcli'ng .qJ.gelJrai:·call,y, t·ertil's :(~) , (2). , (3J , {6_) ,and (7) .. ·· 
.· . 
. . 
• I 
f._or th·e ·nranso:r1'·-s Me·thod, the {CR + ES): :losses fqr· p_rob-
.. 1.etns 2. -and 3 :are· hi.gh·e.r· th-an. _·the (SH:·+ ·:REL) los.se:s; :w-h.ile 1:he ·\ 
-:):8,--
·''!.• 
1· 
I· 
I 
- ! 
:--
f:.i. 
. 
.rcv~.:r-se :i·$· tr.ti~-: .-:tn ·pt,oble:m J_. :I·t. app:e.·ars·: that for members' ''with 
l.9·t'1- -c·o.11,c·re-t.e ·prestre:s·s, the Branson·'-s M:ethod predicts higher 
($Jl + RE;~)-. 1·0-ss,es than (CR + ES) lo:sse_s-. 
t·ab.le: 9 also indicates: that t·h·e to·t_q.:1. :_pJ'e.st:ress losses 
·p.:re:d:ia.f:ea.·b:y f·he: Branson's Met'hod are lower,·t·h:@-·tho:se by the 
.. 
,Surf-a:ce Meth·o_d. 
"· · .. , 
-~ 
.... ?g_ . __ 
. . '.~ . . . . . 
.. 
, 
. ~-
,• ,. ; =.-· 
... 
5- •. C·o· N ... ·cit. ·u·-· s··1· ·  ·o· .N.·s:---' .·. ... . ' ' .• '. ; ' . • : . : .• :· :. :°:.- ·' .: :. : .-· . 
Based ·.on the:_ c.bmffa.ri-~tbn$: :i.n_: ·chapter 4, ·and the :re:~µ'.lts 
.-:op'ta.1ne:d .f:o.r the: -thre:e· exa.mp·J;e J?rob"J.:ems,,: the f.ol.lo'w:ifig: -c:oncl:u-.-
$io-ns. -:can b,e :drawn: 
, .. 
. "'., ..... ~· 
.. : 
:1... The !loss :cornp-o.n~nt ($·}( + REL) , which d.e:1?"e:"n-cl:~ :entir.e::ly on . 
the :a.mow.1:t o .. f i.I1i·t·:ig.l -steel prestress·, pred·ict_ed :by ·tJ1e; 
--Su-r..,f.ac·e ·~1:e·t:had:. l,s. ,qo_n$·iderab:ly :highe·~- than t.hq$e· by ~the 
.t1the·r. pre·.tf:fc}t·i-o:n .m,e_t:ho··a.:s -:· 
.2:. Th_e :tos·.s.. -9ompone1tt (CR 4· ES·:J :' w:I1icb. -ti-epe.nd·s primar:il;.y cJn: 
the o.o:r1crete.- .s-t--ress itnrrt.ed.ia:te·ly a.ft.er i:.r:ansfer of pre.;. 
_$·t._r:·e:ss:_, p_r.edicted: by the :S·u.rf:aoe. :M.e·,t:Jioel is, lower than··· 
th.c1$e· b.y· ·the :o:-tbet~- p.r:e::clic~t:io·n. m~·tn.od_::$ .. 
I.n ·the ·Bra.-nso_n' s, Method .. ' . . 
. .• .......... ·) 
.. it· depe:.:i1ds . on. t:lie _amOl,..lITt O.f ·cO'lj:"Cr·e:.te _pre:s.t°J~'@SS"~' :FQ.:r·· l.0:t\7 
: •. 
. 
(SH: + :R_E:l,} ·tqss·e_s: t:J1an :CCR +i ES') :10$ses.·.~ ,a_ncl fo-:r:~ high 
;; .. 
.. , .. 
,, 
-----------------------------~~ 
.·i~· 
• 
,. 
by the Surface Method. .Both. the CEB. :~d:' Branson' s Me.th~ 
I 
ods predict lower tS1ta! prestress losses than the Suface 
Method, al though,-- for members with= hi.gh concrete pre-
stress, their p.r-ect-ictions are close to the lq~er bound 
prediction :by the S:u1:1face Method. 
5. The upper· and lower bound predict··ions by the f3:urface 
, 
Method ~re quite different. The difference is ·aue mainly 
to the loss components (SH +·REL) . The loss components 
,(CR + ES) ~ including the effect of external. loaa.s·,. are 
almost the same for the two .b·.ounds. 
·. :··!II' . •' ·.··. •.,:. .. .. . . 
It should b.e. =emph·:as=izeg agai-.11. t:}1:at whi_.le-·. all. othe.r pre-
diction methods do not prov·iae any· p:r.ovi.$.ions· for considering the 
loss characteristics {elastic shorte:ning, shrinkage arta: .creep) of 
the particular concrete used, th~ Surface Method does so by pro-
. . .• 
viding the upper- :and lower bound pred:ictions. I.n :·app.-lyi-ng the 
Surface Method the us·~r, with the info.rmatipn ori: the loss charac.- · 
teristtcs of the c.01~1crete used and .b¥: rri-~: -own- d-iscretion, can es-. 
. timate the mo,re :a-ocur·at.e. tot.-a=l p.restre-$·s loss :f:rom the upper an;a:: 
lower bound pr.ed'.ictions. For approximate estitn:ations, the up1;i~r 
m1d lower bound predictions will suffice. 
:·t_ 
•"• ·-·,-. 
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"':! 
fe = :C.o.mp·r.-r::.s:·siv:e st,r'e.ng·th of .co:nc:.1:-:e'~te at 2:8 tl.a..ys, . in. p:s·i 
.,, · .. ··.· 
__ .. 5'.···,-_1-
. . '• . 
" ''--:J (.o 
..... ;.. 
•. 
' 
t 
£ .. = Compressiv.e strength of co:nc:re:te- tit t:~a.ns.f~::r:', in psi C.1 
i• :4' 0 
--~ 
.r.. = Ultimate te·nsile strength o{· ~:te~l., 1.·.n_ p·s·i 
-·.p:u . 
., 
-· •. 
·f . ·=-; Yi:eld, s,t~e-hgth (1% elongation) of steel, in psi. 
. y 
4 tc = Mome·nt of inertia of gross composite section, in in. 
4 I = Monte·nt. of· inertia of gross girder section, in in. g 
·M·; G 
M: 
: ·S-
n 
n. 
1 
~' ;;: :M,o.tne..nt due to supElpimp.o.sed dead loads, in k-in. 
== ~:q_m.e·nt due to: ~ird~;r w.eight·-,_ ·in k-in. 
= -Moment dlie. ·to $ lab (a.nd diaphragm) weight, in k-in. 
.. · .. 
::: St.e·e:.1-to-c-o:ncre·te ,modular ratio at 28 a.ays 
= Ste:e'l-to-·conc:tie,te:1 modular rat·:to: a.1:- ·tran1, f:e:r -·. . . . ; - .. ·. - .. , . . ·:·. ,·' .. · .-. •. ·-
- -- --
·. 
.. 
·S'H ,= ·P'·rest·res·s 'los:s d._ue t:o sh:rinkage :of: c.oho-re1:_e., in ps.i 
A. 2 Descriptiop of Design Examp,l~s 
A. 2 .1 Problem 1 
(a) Section vr·operties: 
S:p·an = 8·0 ft; center-to-center beam s_pacirig_=.. 5=,.ft. 
Sta.ndard I-berun 24-/4-2 of Pennsylvani.a ·Pep-artm_e,nt o_:f 
-, 'T~ap.sportation (see Fig. 5).; 
Slab thickness :::: 7 .-5 ih. (:7 :in~ e:ff.e·ct.iv.e thi:ci~ne·a~.) 
· --62·-: 
-~ :· ... 
• I 
~· 
...... ). 
. 1· . •G·: __ 1·:r--a· :e-·r·· :, ·s--:e···ctio·n· -. 
. .. ' ... --:. ·.: .. ·-·::··. . ·. •, ..:L- • 
Ig = 107,986 in:· .. e. ,=.: 7 .31 in. g 
i.!J Co.mpo:s-i.t.e section: 
-a A. = ·1,:_008 in•.· q I = 29lt_--,443 C 
e.. ==-- '.18. 75 irt.. :·o -- ·- .. 
4 
• in. 
..'"\ 
.. (b.} -· .Cc)ncrete· :p.roJle:.r.t.i·e.$: (.same fo,.r Q:'(;anJ -·-a.nd:' :s-lab) 
i) P./t· t-r~ns.fel:'·; 
. t . - . . f. .. :::: S, OflQ· p:s:i 
·:o,i. 
f-j~) At 28 days: 
5 S·O.O - - • 
' - . p .. Sl. 
·s 
E- -. = :4-. Cl6 X. Jjj p.-s i.. 11. ·= 7 Q)L. 
-~ 
6 
'E ··=· :lf. 2·7 X 10 - psi 
. C - .... 
! .• 
(o:) s·tee·I properties : 
... 
52 straight 7/16n strands:, 
. f = 270::,:Q:OQ p·::,_i. pu fy = 226,000 psi 
f .. -=· .186, 000 psi $1 -
::t ·•. .. )·-. 
i·i) . 
--i.·ii.J S11peritnposed :dectd logc:(.s .... 35 :d-a::ys 
j ,_.. ••• 
-.!----·, 
-63- -
. :, .. 
.· :r 
-.. :· 
._.-.,. 'I. 
.. 
. -..\- ' 
I .·,. 
( . 
} 
.(e:) :Load:s_ :and rrrome:nt-s, :: .. 
:i). 
•:, 
..... ,) }1:.1:-
G"ircter·· load=:: 
..· . -..... ·· . -~ . -·- . 
1· 
Un:t.t-. w_eigh-t of conc.r·ete: ::;; 1$Cl pcf: 
= 612.S plf 
M 
-. G 
.a . 
_ (612. 5) (80) (12) _ 
- -8 I ., _____ l 5, 880 )<-in. 
C-ast-in-place slab: 
~hJeight of s la.p .s:~oc:~f:i.:o-n = ( lSO) (? · S) (S) 
12 
= 468. 7 plf 
':Ms = 4,soo k-in . 
.. i,~ii) Superimposed dead l:c>q.d:$ :_: 
M__ l lfQ.· ·o· •.k ··. ·• :-.n ;:: - -~ 'T. .. : : .· '!-,.i:n • 
. i 
·· .A .. 2 .• 2 Problem 2 
· -Ca) Section pro.p_e·rt·f·e::s.: 
:sp:a.n: .= :,60'. :f t·.-.·:.:5 ., c.e·nter~t.o--cejtte:.r· l1e·am :spaci.ng· 
. . ..... . ' - . 
•. 
··· ·,;...;.. ·6·· -f-·t· . 10· · ·.··n 
.- -.. - .·~- ·- l .. 
of· ·Tr0cm$1po·r·t:aA:io.n (s;ee.· :f~-i.g· .•:, ·6) ·; 
$l·aJJ thickne-::ss· :~.- :7 .·s -in-.. · (7 .in. :effetrt.i.v·e thickness) 
( 
'!' • -~-
~ 
- . 
-· . ·- . ·-· --- ... - ··-- -----· -- ---- ---·------~-- ·-·--· -- ---- -- -
i, 
I 
I :, 
i -----, 
.,.,-... 
_!: 
. ;J ... ,t 
i) Gi'r·a·er se.c:ti:cJn;: 
....• ) 
:·1.l.-.·-
•· -·~· A = 417 in.-gl . 
a 
A- == 991 in. 
·c. 
.. \• 
4 
I:c_ = 165,492 in. 
:e :::t .1.,95 in. g: .. 
./ 
e = 20.77 in.-
a 
{b_) · Concrete properties: Same as in problem 1. ,fo:,r :po·th 
girder·and slab 
·'-Cc) ·;:s·-te~·l _properties: 
34- s·traight l/2u s·t:r:atid·:s:, . . . 2 Aps = 5 . 20·· in .. _ 
fpu = 270,000 psi fy = 226,000 psi 
f .• ::::· ._l,8::9. _,.:O:O'O • Sl" . ..· psi 
{_e_) Ii"o·ad$ ab;,d,: .n1orn:.e.:-n.t,s :: 
.i). ,G·i::rder lcJad .. : 
W.e-i.ght· 9.£ gi;r?'.d:e:r. s-Ee.·c:ti-o.n -::;;· ]+.:3:.-5, ·p:I·f 
M · 2·3 ·so"· --k·. ·•·· · . : -= .· -. . . . · • · : . i-1-n: .- · G:· . -~- .... 
ii) Cas.t-~in-pl_a.ce: s:_lab:: 
w·e.:i:g)1t o-f· ·sl·al)- s..ecttion =: 61+·0: l>tf· 
M · ::;, -3, 460 k~in. 
-··:s . - . ·- . ... .,.. 
• --"' I ' ~ 
.~ 
' . 
iii) Supe:r~mpos.ed de.ad. -loads::_ 
:Sup~~-:irµpq$ed-, -d~:ad: l~oad ·_::::: .. t:5(l _p'l,f 
R_.. ·==· .. 1. 1:10 k~in. 
-]J .. , . . . . . . ... - .... 
.,,. 
• a 
f 1 
',.:_'• 
A .; -2 .• 3 P:rc:Jb:lem :3 
.· .. 
.. 
S_p·an. =: -~03 ft_. ; center-to-center l)e:am_ -spacing 
= 85 in. 
·$.·tan:o.&rd t---te.·am··: .24/60 of P.e .. nns'y·1v.-at1i·a :n:ep'~tpt;me.nt 
of ·;l'ransportati·on :(se.e "fig.: 7) _·;. 
S. l.c1b thickness =' 7.% in_. :( 7- , it1. e-ff·ectiy.·¢. 1:-h$:¢l<n~_$s)· 
._ .. ) .. l ..· ·.;. Girder·. section: 
2 A = 848 in. g 
4 
·r . ~- 3_5.5 .. 18.5 'in ... 
. :g . . . ., ... . ... 
e g ;: 19 . 51 in . at dl;'a;pe poin,t 
= '11. 49 in. a~ SUJ?p·ort:.s · 
ii) Comp.o·s·.ite sectiot-1: 
a· 
A .. , = · 1,44-3 in. 
Cl· . 
4 
I, ____ = ·790 ,734- in. C· -· 
frort1: S:Up.·_. ··p·· .. o·rts. ·_.· 
. . . ·. ' 
-:6J:i-
·1 .~ 
--4 • 
., 
·, 
:·1 
I 
! 
:1 
I 
.... 
•. 
I 
;..,.~·.;·.:·.; 
:a 
:55 -- . 7/16'' strand$,·· A .... 
.Jl,S 
- ·7·· ·7·2·· .• 
-- · · • ·::. ::.· ... :·in,., 
·· f = 2·26,·000 psi 
··y.· .. · 
,:" .· 
f _ .• ·==-· ·1·a.o· , o:o:o psi . 
. SI 
,('e) De·ad lo:ad: ,moments : 
Gi"rd·e r load.:· 
:M = 14: 100 k-in • 
.. G . ' 
.ii:) Ca.st-in-place slab _·and .d.i .. a.ph-rEt.gm loads: 
M8 = 11,700 k-in • 
....... ) l.·1·1.._. . s4p-er.iroposed d-ead ld.ad·s··:: 
.·-. ·•· 
"~ 
. --· .... 
·• . 
. • . 
Design Example 
I·. 
ES. 
S'1d'. 
..... -·:-. 
. REL: 
APPENDIX B 
BUREAU OF 'PUBLIC ROADS METHOD 
(19Sll and Revised) 
t 
(s·e.e: problem 1 i11 .Appe;ndix A) 
2 
1 e 
CA+ rg ) 
g g 
2 
;= (186,000) (6.08) ( 5~8 + 167~!86) 
= 2,490 psi 
•' ' 
-
-
·-·,-· 
- 6:,.oo·o. psi 
l'l £:. · = 27,400 psi 
· ··. ···as, 
-~: 0•·4 f' .-.-~ :.• ' - •·. :··, . ... . .. - 7 2 400 ps:i . 
. $~ 
/J. .. ·:f·s = 53,300 JJS:L.., 
'. =.: 2-.8:. 6%· of: f. . ·· 
. ·· · . . S.l 
·R·oads ' f o-rmultt is tise.q. T.:he r.e.sults· for- •the· revised version -of . . : .. . . ·. . . ·.• . ., . •"• . . : . . .- -- . . . . . . . . . . . . . . -
.. 
relaxation ltls~tes. a:r-e doubled .:and the· ·tota.l lo9ses :inereas·eH;t b:y, 
. 
. 
:4% of :fsi. 'I'here.:E:ore:, the to·tal ·10'..ss p~.c-omes· 5·0 .. , 70·0 ... psi., or _-3·-4'. ... 6% 
',• 
c)-f ·£ ·• • . 
-...... , . .. Sl:-
..... fi:.·s·::_ 
•' . •. 
··\· . .. . . . . 
\ .• 
. ... i 
• t· 
APPENDIX C 
AASHO METHOD 
,· 
(Current and Revised) 
-C·.l Not·ation 
·. fed == Avera:g:e· cortctre'te stress· at centr·o:id. :o:f s:te:e":l. under 
... 
·full -d-e<ad load:S 
. . .. . . . 
. 
. ' 
• • in psi 
.. 
t.r'ari§fer: of pre-s:-tress:, in .tJsi (se.,e f_ollowi.ng: co.mment) 
Comment:. Concrete stress f 0 r is calcula.ted di££erently in 
·t,h.e · ,current and revis.ed. AASHO Metbod ., The cur-
:r,en·t rnethod uses th~ .initial .stres.s '.in steel, 
,while. the revised methO'd us-es ·th·e -steel st'ress . . - . . . . .: . . ,. . . ' . . . . . . . 
·imtrtediately after transfer.. This difference · is 
' . 
. il.J.µ_strated in the following ':C·alctllations ~ 
C ~-2 Design Example (s.ee . e)(aJTip.le· l in· Appendix' A) 
Concrete stresses at cent:ra,id: of steel:. -· 
c. ...... ~ 
i) Ini tic1:l prestre:s·:s :(.c:arri..ed by the gi·pct~-:p ·-$~Otion) 
2 
l e ff .. )i (A .. ·1 c .. ·:A. + 1 g " ·. -$1.. . . ps. ; 
. 'g g 
a 
= (186,ooo) (6.,08) c5ig+ 1b7~!86) = 2,1.J.90 psi. 
6··g· ~ '_,_.··~ 
. '. ' •' .. : . ' •, .. : 
'I.· 
I'· 1-:).· . . . 
. ·_. -... '. 
' 
Gi.rd'er load (carried :.b·Y ·the girder s~ct;i_O:IJ.) 
MGe 
'."~~At midspan I g = 
g 
' ' 
_ (5880) (7. 31) = 
107,986 
MGe 
At SUpJ)O!'ts I g = 0 
g 
- 398 J>"Si 
iii) Cast-in-place Sl'ab· .-1·oad · (carried ::by. the composite sec-
1:ion) and supe.-rimposeq dead loacl's (ca~ried by the com-
I· I posi te s.ection) 
At -miQspan ~Seg ~ec ___ (4500) (7 .31) 
I .+ I - 107,986 g . C 
;I: 
(14-40) (18 .. 75) _ 
- - - 396 psi 294-,443 
Me M_e S g --1} C _ A't··. :s.upptf~ts I . + I - 0 , 
g C 
·.A. Current AAS HO Method 
-{: . 
Elastic shortening 
At midspan f 24·90 398 -- -er 
At supports f 2490 0 -- -er 
Average :f .·· .. = 12 (2092 + 2490) or 
2092 .. - psi -
2490 .. - psi -
· ES :;:. 7 :·f = (7) (2.29':l)· = 16,000 psi ., 
er 
• .. 
7-o·· ..... _,·:·~: . . '• ·•. 
,. 
• • 'l_'"I ";. 
·'· :J. 
·i: 
-- ·:· 
Shrinkage loss 
In the state _of P·ennsylva:nia, 
L j-o, 
re_.latiy~ :humidity = 70 - 75% 
,/· 
' 
.. •• S·H :;: 10, 0.00 ps:'i. 
· Creep loss 
At midspan 
CR= 16 f = (16) (2093) = 33,500 psi 
· · ed. 
R.elaxation loss 
REL = 20,000 - 0 .125 (SH + ES + CR) 
= 20,000 - 0.125 (10,000 + 16,0,00' + 33,500) 
;:: 12,600 psi 
Total prestress loss 
6f = ES + SH + CR + REL 
s 
.:., 
= 16,000 + 10,000 + 33,500 + 12,6(10 
. I . 
=·72,100 psi 
= 38. S°/o of .. f . 
.. Sl 
. ·, 
., 
. - 71.r.. 
l 
- - .•. ~.. ; . 
' .,, 
'·~·. . 
.. ·:· 
·13·· ... . 
.. . 
. ., 
' , 
. R£=,,ri·sed AASHO :tvlethod (af·be,p Gamble's Pro_p()$,al) , .
Elastic shortening 
Steel stress after tra11sfe·r. of pr.estrEts.s:,. 
a 1 e f:·. ··:=; ::f· •. /[. l + n.-A (-A + Ig :i] 
· :s:o; . · s:i · · · :1 ps 1 g g 
=.· 170 ,ooo· p-s·i 
•.· . 
:c::or1c-ret'~ · .-$t:r:fls"s: .at -c:entroi-d of' s·te::~_:::i: a·ft-e:r transf¢r, 
.a 
= {l7o~ooo) (6.08) c5~8 + 1~.;~!86) = 2270 psi 
., 
. · .
. .. ·. l .... 
·AVertELge f.ca: = 2 (1872 + 227:.0.} :; ·a071 _p:si 
.-
J 
Shrinkage loss 
.SH= 10,000 psi···fo:r, :R-.-H_.-~-:·7p.- - .?SJ%· 
. 't, 
-72--
-; . 
. , 
.'.'!. 
-i 
J 
' • I
.. I 
! 
. j 
-·~. 
~"-. 
,,-
l 
., 
1"' 
.. 
\------ ~:-
C·reep loss 
At midspan 'f = ·l_··B:7_· .2· __ :p·_-si,,··.. f _ ... - f .. = 396 psi 
.c·.r: er· · C'd: 
:_: At .supp:ort_s f· ... _., =· 2:2 .. 7to psi., f - f . = O p:s_:i 
·, •• 0 er · , · · ·· · · trr · cd · 
,· .. , l . 
•. Avera,ge f\:!'F = ]" (1872 + 227P) = .2071, p9i · 
A_--_-.·•.····-•.ve_ -r:ag--_.e: ·c·\f · · f ) = -
2
1 
-_( __ ._396'. -+._•·· O_)·_· =- 1_9_8_·:··· r.i_tf_i_-. 
· · · -:~.r - · · cd 
.t' 
0
-R· - 1'2· · . · f·-L . :~ 
·: ·_. -~ · :,· ·,er: 7 (f _ ·. .... :f ·.· ·.·d'_)·_. : er· c:· · 
.s" ••. • 
= (12) · (2071)., :~ .. {7) (198) = 2·3 .. ,,,4Cf0 p-~ri._. 
. ' 
Relaxation loss 
REL = 20,000 - 0. 4 ES - 0 .i·2 (S.l-t + CR) 
... , 
= 20, ooo - co. 4) (14, ~,OQ): -- co. 2) c10 .JDo··o -:+, :2:3 ,_4oo) 
-= 7,500 psi 
Total prestress loss 
Llf = ES + SH + CR + REL, s 
= 14,.500 + 10,000 + 23,400.+·.7,5.0:"0·· 
:;: 5,5,,.J+O_O psi 
-73-
: -.·,,;,:·=···. . 
I_ 
.f:?·· 
- . 
pc:·r:· -· :C}ENERAL :ME:THOD.: 
• • . . - ' . ' ' - : - . - - - _• -- • •,· . - . _.- . ' -,- -- : _,- - . ' •.•. ' : . -_ r• ~ 
-n- ·1· 
- - ·-~- -- : 
'·''""· 
I 
:, 
:~~-
·i·n _ps.i 
\ 
:,f.8 :a = ·St·ee .. l s tre.ss iorrune_ct-:ta:"t:e_l:y. :b·efo,::rje t.rc:1t1$-te::i? ,. i:·n ps.:i 
·,' 
-J 
·of gi·rde.J:' w.e-£:ght) , in. ps·:i. 
P.CR = (AUC a·t. t): ·- (A:U't;: at· t:~:) 
P·--s· -·w -·- -.: - - J. .l - (AUS .a·t-= ·t): 
.. 
'.RBT ·= ·p.r_--.i~_·st_·:r_:e:s$ .lo·s·:s :a·ue ·tt'.> :r~_.'_1:a.x_-·_a.tion o.ver '.ta.me.: in ..t·erval -t. t·o. t--. . . •. . .. _-.. . -•.. -- - - -- ' ·l .. ·. _-_ --., . 
. in p_:~.i 
.. 
~-! •• 
' •. j-" 
··ti' 
: ·I· 
1· 
n 2 µ ... :.· 
.. 
~-
::L·nterv.al -:f: 1 - to t,. in p_s:i 
.the member btl. shripl(age: 
.r,: 
interval,:, in days 
· 1:~ -
time irrt:~:p-v-a_l,:, .i.r1 :d·ays 
Design .Example 
;· 
Concrete stresses at centro.id of s:t~-~-.i and: stee:l stresses 
due to various lo·acls:: . . . 
. . . . . . . 
. '. -· 
MGeg = .;; .(~880) (7. 31) = 39.8. .• I: .. -- . 107 9 86 - - . .:: - ps:3~ 
. . ' g, 
:~ 
·-
' 
~- . 
·' 
'·· 
1.: 
.i·i) 
Ms.~g ·-· cq.soo) (7. 31) _ 
· r·· · .... -~ -- (107,986) -
g 
- 30'f.·· ,]?Eti. 
.11: 
.. 
s:te.~-:'X_: s:tress = (6 .5) (·3;o~J :.::: .l:-9$:Cl_ ·_p:s:i~. 
,, 
.iii) ',S.tiperimp·osed dead load· (c·ar:rfed ·by ·c.ompo:s.ite section) 
, Me D C 
I 
C 
_ (1440) (18.75) _ 
- - 294,443 - - 92 psi 
St.eel -.stress -= (6 .5) (9·2) =· 60;0 p~i 
B.asic Creep and Shrinkage Values (s:~:'~· :R~--f-~ ,ll) ._._ 
Creep 
Steam curing_._, .J.TOPrn·al WEtig.ut· cori'eret..e: i.JCR_. == 16:, .. :s. 
-.... '. 
.S.CF· = • ·7·t~ .(V/S ':= 1-1- •. 31_ i-ti •. } 
:(UCR) (SCF) = {/lo ._-5): (_. 71}) ·=· ,12 !t::2-
.. :cR __ . ;::: •. -c···_:12: .• 2·)·: · '( .. P:CR)·._ ·(f -·.)'': ··. 
··_- ct·• 
'eo _·S.·h:pinkage 
.Normal weigh,t o.-on<2rJ~·t.e 
3000 E 
. C 
·us--a = 2: 1 :,.-:o_o:o. .... --6- = ii+2 Ob: 
10 
·g,cp--·· __ _.- -7_.--_1 __ :·_1_· . 
:",".·.Q""_ .. ~· ~ 
(:U$_:H) {_·S_S:F) = _10:: ,_.s:·oo 
... 
SH ·===· :(10:_,,:500)- {_1;:$.H)_. _P'8-i 
-.... 7,_·5.··_ ..... 
.. ' 
,: 
:) • "· I 
'- -
Time Interval If :From Atlcho.:rage.. ·-to· :Transfe:·r:· 
t 1 = 1/24 day· ,t ;:: :18/24 d.a_y t/t .. = 1.8: 1 . ....... . ,. 
f t = l:8:6 ,_:ooo. P.~-::i 
S·.:· 
log (t/t1 ) f · RE'I' ·=· f . [. lO J (fst - ·O .·s __ ... 5_._· . _:_.) __ ·_ 
· · . ·st 
y 
, .. rr= 186 ~oo c 10y018 ) c . 82:3 .... o. ss; 
·::; 6360 psi 
/ ... At th.ef ~:n.d o:-f time: interval. r· (b.efiore: :trans:ft~-:~) :, 
f· ·= f. = 1::7:g .,·640 psi 
.$p :S·.lt ·: ·. . . .· .. ·. 
1 
Time Interval II: Fl;:'otn·: T:r~•ans:fer ·to: Cct_$ting of· S:-lap-
t 1 = 18/24 day 
Tr-ansf·e·r lo:s:·s: 
' ... ·..... . .- .-·. -· .. 
• l . 
~-
a 
·,.:· /[ · .. ). · · .i. .. 7. 31 J 
= 4'.79. 640 1 + (7 '(6,.0·8) (BBB + 107 986) 
. . . . ' 
·== 16 4- , 0 0 0 p s :i 
. :(l 
.... 7 7·-· j/ 
.-
... ....• . ..... ····-·- ----- ............ -- --· --- ···- ·- ----- .,., . ··--·"'-····-··--··-----·-···· 
,''"".S:.- -
.. 
·: .. I-nirrie·d_iqte:ly aft.-e.r transfe·r, . :• 
. 
-.......:.. 
2 
= (164,000) (6 .08) < ( 5~8 + 1~73~86) 
' 
-=· .,2190. psi 
(b) · :+.irn:e~Dep.end·e·nt loss:. 
f . . =· 164 ooo. + ·2 7·86 :;: 156: ... 7_9:0 .. ·ksi. . ·S·'t · . . ' . . . :, . . . . . : ' · . . . . 
f . I .. ·· .. f... .. ::;· 166:. 1 .. 9/:2:·26 = . 14 , S' .. · ·.Y. . . .. . . . . 
. 
. 
. 
. 
. 
f ... · .. t·. ·.=. 2.,-:19:0: - ·:3:98. ==: 1,792 ksi ·c . . . 
. . . . 
~ 
~: .: . 
.At ·time t:·1 :~ AOC: = O· ·, AUS = .0 
" P.CR =· 0:. 2·3. - 0 ::; ;_o.: • ·2 3: 
.CR .. ·= (·12 •. 2): (0_.2.3) (l.,792) = 5030 psi 
:PS-R = 0. 2·2 - 0 = 0. 22 ·. .. . . .. . 
. 
:.SH. ,;;:• (l.0-, 500) (0. 22) ;;. 2310 psi 
RRT :a:· {166, 790) ( 10109 . 3 ) ( . 74- - .55} 
": 
f 
... 
'.'"-'. :. ·. 
"·!. 
·==, ·ES. + CR +. SH + ·RET 
= ::1-s-.,<6.0:0 + s.,:03o:···+ 2,310 + 3,oso 
= ·2.6 ,.o·oo :ps:--i. 
·~-: .. -:_at the; e:ncl of -i:r1te.rv:a:l. ll 
f. _. =.= 179 ,.:540 ~- '.2·:6-,.0.00· -=: lA53:_,:6-4.0· --ps:i 
. s:p ... -
:_£·: .. ':: :2. 19.0 X lS3 'filJ.O = .2 ,-0.50.- · __ n._·_:s·i cp. ---.- ' · 164,000 J:' 
Time Interval III: F,1:iqm :C~$•t.in._g_ ;of: ::s-:·:1ab. t-o- Aj;>J?"l:ic::ation of 
. . 
. $upei:ri-rnpo·s,e.-a· :.:n··e.aa· ·taa..d::s 
t./t, .. :=: .5 
•,· ···1. .. 
•"{ 
J _:.~--,·· 
- . 
. f·. : · ... :::: 2:: ;(:JSO -· ·:3·::98 -- _3·:0,4 ::: 1.- 3lf-8; kEfi 
··e·t· · ·' ··· ·· · · - ·· ' ·- - · 
·. ~ ·. : .. · '. ; . ; :.: . 
. . .~ 
At: 1: irtte t·' AU:C ,:::: -- o· •.. 2 3 .- . .Al1S ::; O __ ·•.. 2.- -_'2 
.·. l· ~ .... ···:· ' 
1-'.;. r 
(sEre R~f · .. · 1:1) 
CR. =· -Cl2 ~ 2) .(. 3·67 - ~:2.:3} (_{·,. 31fs) 
S.H :::;. {10: °" S·.OO) :(. 4'41 - . 2·21 
·-
--
R.Et ;;: . {158,410) ( 10fo 5 ) . (., 70:t - .S5} = 
T·o·tal. loss in 1:_ime int_e:~v-al r.r::r. 
-~:7 .. ··g .• - . 
; ·. .. : ... . : . 
-I 
-2·· . 3 20 -_·p-.s·i_ 
. ' .. ' .... ··. 
1 ... _67:0 .p·.·sf ' . . . .... ,. . 
·.~ .. 
,;_ 
;; .··· .. ·.:·~1 
;"··t. 
•: 
. .,, 
· . .., 
r 
(.) . 
f' ===, 153:.~;640 - ·6 ·,:2:40- -~· 14-7 .,··:4t10. l~s.:i SP 
f(lp =' 2 ,.19'0 X i~~:ci~~ = 1,970 ksi 
Lo.ads to End of ·on.e Year, 
C 
t --- 3·.5, ·day·,s: : ·1: ~- . . . .. .' .· t ... ;:; '~·65 ·days 
'I' j 
A:t- tinie t 
·.1' A.UC == ". 3:6 .7 . , At.JS ::; .. 4~:1 .•. . . . . . . -(s-.-e:e.: :Ref. 11) 
:(see R~f. 11): 
CT{ ·.=.·: (l,2 ~-2) (. 740 - • 3 67)< (. ·.·1, il:76)·· : .. , ..... . ::;: :5 ,. 3·50 ps:i, 
..,·.· 
. . . 
i. 
:g_ft _:;:_: :C~O ,500) C. 860 - . ·44:1) :: :4·· .. •. f I ·.o··o··· ns·1·•,. ~ Lt_ - . ~--.-." . 
RE:T· :~ (. 1.52: . 7·70). · . c· log lO . 4-l) .(. 5~-7··7_·: -~.-- • SiS_)·. .::;-· I. 9,7fJ ··p. _· s·-i. ' · · · 10 · '" ', · · ., · 
to·ta--1 lo,s:s,.- ··-in: time interva-1 IV 
.... 
. :~. ,at 'th~ -~:_n·d, of time intervc1l. rv 
= 13.S, . 6i80 'ks.i · 
..... ' . . .·. . . . .. . 
-
-· 
:· ... \ 
,;:. .. :..... 
, ;-· ;.i_ 
-80-
I ~ 
- -- . ---, -------~--'O•--·--·- -··------ ----- . 
i:·· 
~7 
~-
-1 
l.·. 
Ye:ars 
·t.. -·; 
. t . = B.6··5 d·a.y· s.· 
. ·1 .. ·. . . tit: . =: 10·0 . 
. .. :l·. .· . ' .. t '1, 
f ==· ·135 680 + 2 786 + 1 980 +. 6·:·o.o ·=, 141 050 k-s:i. 
· ,st. · · · · · ' · . :, · · .· ' · ·· · · · · ., · ·· · · · ·· 
.. 
:f5.tl:fy = 14-1. 05/2 .. 2.6 == 0. 625 
f .t·.· ::;:. 1,810 ~ 398 - 301i: - -9'2 :;:· 1,·0··1:6 k·si C· 
At t:im$: t._3 •. ,· AUC ::::: .· .• 740, AUS = .. 860 
-At. tt.rn·e. t,.,: AUC = 1. 000, Au·s = I .. 000 
(;R.: .· =· (1'2 ~ . '2) ( .. :2.6) (1,016) 
SJI: . ;::: (.10- , :5:0'0) c· ~ 14) 
(.s~e -R.e.f. 11) 
(S:t~:.e Ref. 11) 
·: -~ 3,220 psi 
= . 1, 4-7.0 psi 
·.RE·t. = •··(:'.14:l -050~ ·(· log lOO) :(-•. 6_:··-2.S, ·- .• ·S_·_-5):·_.·· = 
· .. · · · ' · ;} 10 
. '• 
.2-,12.0 ·ps::i.: 
T·'otal. :loss in time interval ·v 
·= . 60:.,.a::ro. -p·si. 
.: • . :A·t the end of time interval. V 
:f'~:ip = 135,680 - 6,810 = 128,870 ksi 
·, 
... ·s1-
- ~,, 
.... .. : 
J 
. ., 
:s··· ·· .. ··_ .. _··.· . 
. ·.· •. :UJJlfI19;ry 
" 
Time 
Interval 
I 
lI 
.r:;r_r: 
IV 
·V 
xi -. ~ -
,. 
N 
· ·S:·H :CR 
·.O 0. 
·2, .. 310 
' 
·s .0,30 
. '· . . . 
2 
' 
320 2:· 2.:5·0: 
. ., .. · . :. : 
4- , 400 :5,._3·50 
1 
' 
470 ,, ,3 .; 2·:2.0 
10,500 
Af. =· :ES·· + ~ (SH + CR ,+ R_-_.'E.·.T.)·.·_:_ 
,' -s: 
:RE.T 
6 
' 
360 
3 
' 
080 
1, 670 
1 
' 
9 70 
2 
' 
120 
15,200: 
. ' 
=: 1s,·500 + :10.,.so.lJ +: r.s.:,:·go:··o + 1s,200 
5 ·2· ·o·· · .•. ;: · ..·.7,· :.Q.·:· ]?$:l 
.,., ...... 
,. 
,. 
- --·----· -..'.,,- ... -- - ·------~- - - 7,•----------- -·-· ·--- ----- --------- -
:.. -· 
.. 
:~;;: 
.;- · .. -r 
; ' I 
APPE1'IDIX E 
CEB METlIO.P .. 
E .. l Notation 
,, 
·, 
:e == S:hrinkage · strain in a. -given time interval 
. :S 
:e = Sh_·r:i.nk_ag_e. co:ef·fi.ciet1t cl.ep.~n.cl:in.g on t:lie re.-laJ::ivt~ J1.umi ti ty • . ··s·: .. o· ... · 
. : .. :_ . 
' ~ .. 
em = ·TlietJret.±c··a.1.- tni.:_ckne-.s·s· ·of:. :~ __ .s·e·et·iQP .. ~ d..ivitling·· :are.a of· the 
~-(:?.ct·ion ·by :half of i:ts· -exp.o·sed p·e_-:r1.1J1e·te:r 
kb-... 
, . 
.::::_. :Coe·_fficient depending on wat~r·-t?~ement ratio and· ·e.eme:n_t 
. Content of concrete 
= Co,e,ffic.i~p.t ·clepeJltling on· the :age: 'O:f· c:.ope·re:te at time of . •, 
1. 'c1· •· :· . o.-a , ,1ncr. : 
.. · ,.··,.·.··O: 
~ec =.;:. (}o.e,ffi.c:ie11.t· :fo_::p: d.:t?~·-e.p, d.ep:endittg on; the· -t--he::ore~·:t1c-al 
thickne·s s - -e .. · 
., ...... ,. ,. .. . ' .·' 
.. :m 
.. 
:k:es ,::;:, Go·:ef.fi-ci·ettt ·fcyr s··hr.i$.ag_e:,: _a·.ep_:e.nding· ·art the theoretical 
t-h.i:cknes·s, e 
m 
:k = Cc:;e:fficient. for· time variations ,, t 
.~: 
,. ~ 
. I, 
.' 
RLX ·=: T·.trtal .,:.,._pu)ie·n .re .. l .. axatlo.n 1·0.s:s.: (without interaction· of creep 
E.2 pesign Examp,le (see example .1 in Appendix A) 
Determination of c:oe·fficients {see. sections Rl2.31 and Rl2.32 
i). 
k ::::: 2 .• -: 3·:0 
- . C 
1<.b··.·. : ~- :() •.• :f3, 
:: . ' 
k ==: -:o: .• :s. 
·'·ee, 
l<d: = ·1. 7· 
---~cl. = 1.1. 
-ka. ;:; .=c1 • ·1 
ka_ -'' == _:Q: ..• •3. 
·1;!1' 
(R . H • = 7 00/o) 
(wate::r:..;.aement ratio = 0.38 by weight; 
3 
ceme.nt content = 420 kg/m ) 
at t, .:;· l .. da-y· 
·cl t.: t· ::;· :I. y-e. a:r 
,.._.. • I 
/''.; . 
,. 
: 
·"'': 
\• 
' .. ~-; 
. '·· 
.... ) 
... ' 1-··_ 
·..:L -
M•• •' •" • • • SJ1rinka;ge :coef f i·cien.ts -: 
.-5 
,e: = .2<:7 • 5 X ·10 
. ··s-c) 
k.:lJ, = 0. 8 
k = 0. 72 
,. ···es .. 
100 
(R • H. = 700/o) 
\) 
( s ame as kb in c :reel?) 
(e · = 2 5 . 2 cm • ) 
m 
'k -100 -
'Q: .. :8:3 - - .._.., - 100 - 100 (20) (l. 03) ~ p + np + ' .. ·- -- ' 
:i:i·i} -c:o·e.f.fic::fen·t.s k . fo:r· e,. :'.::;;., 2::5_:.2: ctn:. 
··· --.-.-.· · · ···· ·- -··t m _. 
k _ ·.~: :o .:·o·a, 
,· t ' --
Elastic Shortening 
Eci = 79,500 ~ f~i 
.at t· = ·3,5 c:qqys-
, at 'It = · l yece1.r~ 
- - 6 
5000 = 5 . 6'2 x: ·10 . ;e, PS-.,.,.. T ~ 
: ·- ·. ·.·. 
= (79-, 500) 
n. 
~ 
28 X 10 
5.62 X 10 
6 
= 5 6 
i, 
., 
·'.-,~ 
Q .!,. 
.;! ' 
-. .... _~,. 
,· 
. ,, 
I .. 
s::t:e·e:_I:· :st.:.1;.es::s :a.ft:_e_:r: transfe·r of prestre·s.s:,. 
. 2 . 
;,_I e 
f ·= :f ._/[:Ji. + n: .. A .(···~-l + I g ) ] 
.s-o. s·l: · · · i:· ·J?$: .H 
·., g g 
:t .. 
.a 
.• 1 7 31 
:=186,000/[l + (5) (6.08) (588 + 107,986) J 
·f' 
ctr 
·::::_ 174,000 p-si 
Me g g 
I g 
a 
;:: {174:,000) (6.08) ( 5~8 + 167~~86) 
(See Note 1) 
-
(5880) (7. 31) 
107 ,986 
·'.i 
Basic Shrinkage, Creep and Relaxation Loss Coefficients 
(Note 2) 
. " 
At e.·nq. ,of :se:pvic.-e. :life.,. · 
. -5 
= (27. 5 X 10 ) (0. 8) (0. 72) (0. 83) (1): 
... -3 
= 0.132 .x: )_Q: · 
,>' 
",. , . 
.,J•: .- . 
__ :s· ··5··_-~·-
.. -~ ' .. 
I 
·.1 
J 
,i.·: 
-~~,' :~·-
; ' 
·,~ 
F·o-r f·_ .- = -o •. s· f = 216,000 psi, 
.s1 -- ·· · pu 
·,RLX = 12°/a of f . = 25,900 psi (See sect~on Rll.22, Sl 
Ref. 11) 
::rtrr . f . ;:; 0. 69 f = 186,000 psi 
, · · .. · ···:s.,1 pu 
a 
·-R· ......LX.... __ (25,900) (0. 69 - 0. 5) (S N 3) ee ate ·. -· 0.09 
= 10,400 psi 
.For· .. ,a constant concrete stress f , 
C 
f: 
.· - C' n< e . ..... ·. . . .. . .,.., . 
··- .. (?, ·-· :t·· -·_ t 
· · ·as· 
•t!,' 
(equation 2 .1..·r) 
•, 
"wh~r¢ ¢"t = kc ka kb keCkt 
l\3:8 = 79,500 f . · - -·Cl 
= (79,500) 6 5,500 = 5.9 X 10 psi 
··k··, - ·o· 
'' - .,·· 
'·t· ... ' ' ', .k. . == 1 . 7 ·····a· . . " . 
f ' .·.: ··f' -' . ··-. · .. · 
'Ci: er = 1,922 psi (Se·e Elastic Shortening) 
.At·· c·asting of slab, kt = O·.·o:·5· 
' 't:!'!· . . 
··~ " 
. 'C 
_ (1922) .. (1.47) (1. 7) (0.06 - 0) _ 
- -6 
5. 9 X 10 
"' ,,, ' _4 
•. 4'88 x· 10··· 
' i 
" 
.-~' _.; 
... 
\, 
°!""'..-••• b_;; 
! 
., 
·-· 
. .. 
.. . .. ...4. 6 
· C_-:re.ep loss:==- (:_.Lt:88, ·X· :10 ) (28 x 10 ) = 1,370 psi 
:Sh-r_i:nl<ag_,e los:s = (0. 06 - 0) (3,690) -
-
.Re·la~·'atfo·n. lass = 
./ 
(0.06· - 0) (10,400) = 
222 psi (See Note 4) 
624- psi (See Note 4) 
. Interval II: Casting -o·f· SlaJj, ·to Application of Superimpo,se·d 
.. kt ·= 0.(}6, kd = 1·.1 
. At time of application :of-- st!ipe-r-fmposed loads, 
k =D.20 t ..... . 
· · ·C'.on~rete, stress -at. c·e-:i-1t,ro:tcl ,of :steel due to loss from 
~ 2 
·_:;; .. c221_6) · (6. 08) c s!s + 1~7 ~ !86 ) _ -
= - 334- psi 
(4500) (7. 31) 
107,986 
"' 
e_. = (1922) (1.47) (1.7) (0.20 - 0.06) - (334) (1.47). (1.1) {0.20 -0) · 
e 5.9 X 106 
·= .9$.6 X 10- 4 
. , .. '.·:1,-.·.· 
.... . 
..... 
... ~ 
... 
-.8·8-
.,, 
" 
·, 
In interv'·a..:l II-: 
'l 
· . . :-'4 .6. 
Creep Lo:s·s· == c· .. ::9-56' x: 10: } (2:8 X- 10 ) '2- :fi80 ,· .. ·-· p·s:J'." --·. . .. , ... ' , .. 
Shrink.age lo:ss: ·= (0. 20 - 0. 06) (3,690) :516 • •. - psi 
-
' 1 460 • - ES1 2 Relaxatit>.n: loss = (0. 20 -; 0. 06) (10,400) 
T.ota.l loss, 
: .. :• .. · .. · ;= 4-, 656 psi 
Interval III: Ap.plication of· Superimposed De,.ad. Load-s: :to 
· -End of One- Y·e.ar 
lh, 
~t = 0.20,. ka· ·= -0.~-7 
At end of one yearf 
k = o .7·o t ' .. 
. . 
Concrete: s'trers:s at· :cent·roid of :st,ee.l dt1e: to: loss f-roro , 
interval. II :and :S·uperi~pos.ed de.ad loads 
2 
= ... (4656) (6 :08) ( lO~B + 2\
8
;::4-3 ) -
= - 154 p.si 
(1440) (18. 75) 
.. 294 4-43 , 
~-~ 
ff ={[(1922) (1.47) {1 .• 7)- (334) (1.4-7) (1.1)] (0.7-0.2) C. . . ,· , 
- (154-) (1 •. 4-7) (0. 7) (0. 7 - 0)} ( l 6 ) 
. ... A.; 
,.;.:.. 3· 42 x. 10.· ·, ., . -~ .. : .··•·. 
.: , :. 
.,s···g. 
··-·: · .. :-~-
' I'-· 
.. ,;I· 
5 .9 X 10 
-~·. 
'i. 
In int·.erv:a'l III·: 
C.r:e .. :ep, los:s ·= (3 .• r+2: x 10-4 ) (28 x 106 ) 
s·hri:rikage: lo.ss: _=== (O . 7 - o. 2) , (3,690) . 
:R:e·:.l.a·x.gtiQ·P. .1.P$S = (O. 7 - o. 2) (10 ,LJ.00) 
·To,tal ·10S·,S, 
. .. . . . . ' . . . . . . 
1: 
-
-
-
-
. ...... 
1,845.psi 
s,200 psi 
16,615 psi 
Interval IV: End of :One Year to End of Service Life ·, . . . 
At end of one ye~r;· 
At' end o.f· service life , 
k = 1.00: t 
:irtterv·a,.l .I.I'l: 
. . . . . . . . . ~ . . 
2 1 18.75 
= .... (16,615) (6 .0.8) ( 1008 + 294 , 443 ) = 220 ps:i 
.- .. 
·., 
e :;; trc.1922). c17) - (334) fl.l) ... c1sr+) co •. f)J tt.4-7) c1 .. o .. o.7) c - .. ... .. . .· .... -. 
- {~20) (1.4-7) (0 . .3) (1- OJ} · ( 1 
6 
) 
:·5 ... 9 X 10 
-4 
=· ·2-·,.:·- :Q. s·. x•. 10 
. . .... · .. 
. :.,,, 
·--- ··--. ·-- . -- - . .. - --·· -. -·--------·- -·-· 
- i 
-... 
~-----------------------------------------
-
, 
· .Creep loss· == {?. 0$ X 10-4) (28 x 106 ) · 
·S:h-~i·nkage loss: .== ('l ,.-0, ~: 0 .:7) (3,690) 
;T(~.l.axq.tion 1·o·s.s ::;· (1. O· .... :o. 7) (10,400) 
Total Losses: 
SH = 3", 69.0: psi · 
' .~ 
..... 
-· 
-
-
-
-
.' 
:: ... 
I . 
s , .. _s2:o: :p$1-
1., :110. psi 
3,120 psi 
_10,050 psi· 
Mb.di:-f·i.-~.a to.t.a..1 re]~axation loss, (See Not~-- :·S) 
1U:t = 'ltLX [ 1 - 3 ( SH / _cR) ] 
::;;· 6 .:,-.$'00 .p$.f. 
Summary 
SH_ 
~~ C.R 
:RE.-L 
·-·:..-
-
-
·-
-
S1 
... 3 ( 3,690 + 19,440) J 
.· 186 ,ODO 
.. .... ,:.~ ;'. 
3,700 psi 
19 ,400 • . :psi 
I 
62500 • ES1 
_(:21%:. of f .) S1 · 
:_·g:·1_:_ 
. . . 
, 
... 
. 
l 
" 
:,; 
f. = :1,:9··22: ps·i 
er-
:·o ........ 4- f:f'_,.. ::; .·c: o. w.J·· cs, ooo) 
··c:1 
.·:·. f. ·< Q • Lk f T • 
. c.r ci 
' ' \ 
}Iqwe-v·e:r,.,· ·.fo.r· p-robl:ems 2 and· 3 ·in: App~n.dix A, fer is 
•, 
o::r:eat-e-r than 0-. 4: f·.r_. I! !it ··thes_·.e two.· .P. . .:r.ob_-::lems, the q . . c~ 
-·~ I 
-Ntlt·:e i: :.. In orde-r.: ;·to. ·t'ake; 'inl::_o·: ·ac.oo.un.t t.Jre .. e.ffee.t: of varying 
ti.me ·in.,t.erv.als .. 
.. ) 
·+ .. Int:erva-1 .. I .. : 
,.. ,. 
,,· . 
·ii} :fnte.rv:al.. 1·r· ;_· F:·r·om :cias·ting o:f s ~Lal:) t:o. ·app;lic:a.· ... , 
t·ion tl.f· sup.Efrim}Jq·sed (:lead ~!.o:ads: 
. . -·· . . 
at :-3 s. :d,ay._s. 
·iii) Interval III: From- app:l.ic.ati,ot1 cYf :sup·erimposed 
.. 
·-92·.·- ;,. 
.- •: .:·. '. . -. 
1"·~ •. :· 
................. -~ 
u . 
.;.-, .. 
ao:t:J~o-n. from. s·h:r-itikage -an.a· ·Gl'ee?p :.of -o.onc,rete. · REL 
I •• --
:i.s· ··thfJ ·ac:tual ·re:.laJ(cttion l_cJss., co;n$i'itering inter-·· 
~¢t_i_OD.$ fr-om. shriril(age a.rid .:C~::re.·ep, and: .is calculated 
r;>y Eq_. 2 .. 15 •. 
*· .. . . . 
·•. 
.. .. 
ar,e, a.s:sumed to be th:e same ·a.s ·that· :of creep loss • 
. , . 
..·:· 
.• 
' . .. ' ~ 9·-3· ~- ·.·.:~. 
-
......._· 
. . 
. " . ,).-~~-
--
• 
: . ., 
APPENDIX F 
BRANSON METI!OD 
.r.· 
F·.1 Notation 
in days 
_ ~::s = Creep oo:r·r.ection f ac-to·r fcir the· age_ of· concrete when the 
.. slab is, C'ast 
. - :: . . . . . - - . . i. 
e:: := Ul.tiin~-t,~ shrinkage stra.:t:n SU. 
· .... ' .. 
f:_. -;;=:. (F. _/A_._)·: + .. (F e _2 )./I_ .. -.~ ·(·M-G:e- .)· :/I. -_,· ... in p·:s1 
···c . · o · ·g·. · · :o· .g-· -.· · ·g -· ,.·· g.- ·· ···g_.:· · · ·· · · ··· 
' . . ' . . '-~ .. . . 
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